The possible association between the use of triclosan and the development of antibiotic resistance was examined in triclosan-resistant mutants of Salmonella enterica serovar Typhimurium. These mutants were obtained from a sensitive parental strain and from ciprofloxacinresistant isogenic strains using spontaneous mutagenesis or selection after one short exposure or continuous exposure to low concentrations of triclosan. The results showed that triclosan in the environment does not increase the mutation frequency but selects bacterial strains with reduced antibiotic susceptibility. This property depended on the multiple antibiotic resistance (Mar) phenotype of bacterial strains and on the triclosan concentration.
INTRODUCTION
The increased use of triclosan in products used in the home has dramatically increased environmental exposure to triclosan, which has raised concerns about possible cross-resistance to other antimicrobials (Aiello et al., 2004; Levy, 2001; Schweizer, 2001) . Triclosan (2,4,49-trichloro-29-hydroxydiphenyl ether) is a synthetic, non-ionic, broad-spectrum antimicrobial agent used in many contemporary consumer and professional health-care products (Larkin, 1999) . Triclosan is thought to act as a non-specific biocide by affecting membrane structure and function (Meincke et al., 1980) . If triclosan does act as a specific inhibitor, then resistant strains are likely to emerge, as occurs with antibiotics. Some bacterial species can develop resistance to triclosan due to fabI mutations, which decrease the effect of triclosan on enoyl transferase (Fan et al., 2002) . Resistance may be caused by overexpression of fabI (Slater-Radosti et al., 2001) .
A perhaps more widespread mechanism of triclosan resistance is active efflux from the bacterial cell. In members of the Enterobacteriaceae such as Escherichia coli and Salmonella enterica, triclosan is a substrate for the AcrAB efflux pump (Braoudaki & Hilton, 2005; Yazdankhah et al., 2006) . The expression of acrAB is controlled by the marRAB operon, which also controls the decreased production of outer-membrane proteins (Omps) (Alekshun & Levy, 1999) . Mutations in the mar locus predominantly within the mar repressor gene are the cause of the increase in Mar mutants, which demonstrate resistance and cross-resistance to disinfectants (Moken et al., 1997) and to a range of antibiotics (Alekshun & Levy, 1999) .
Resistance to ciprofloxacin in S. enterica is chromosomal in origin and involves different mechanisms. One mechanism requires mutations in the gene encoding the topoisomerase (Drlica & Zhao, 1997) . Other mechanisms are the consequence of mutations affecting the accumulation of ciprofloxacin; they include mutations affecting either the expression of porins (Hirai et al., 1986) or the active efflux of ciprofloxacin from the bacterial cell (Giraud et al., 2000; Okusu et al., 1996) . These changes result in the multiple antibiotic resistance (Mar) phenotype. Ciprofloxacinresistant mutants fall into two categories: those that display the Mar phenotype and in which the connection with triclosan resistance can be assumed, and those in which the resistance is a result of mutations in the gyrase genes only, with no connection to triclosan resistance.
In this work, we examined a range of triclosan-resistant mutants of S. enterica serovar Typhimurium obtained from a sensitive parental strain and from ciprofloxacin-resistant isogenic strains using spontaneous mutagenesis or by selection after one short exposure or continuous exposure to low concentrations of triclosan. The purpose of the study was to determine the frequency of mutation to triclosan resistance and to compare the sensitivity to triclosan and various antibiotics in the mutant strains obtained.
Antimicrobial susceptibility determination. The MIC values of triclosan and the antibiotics were determined by an agar doubling dilution method according to the Clinical and Laboratory Standards Institute guidelines (formerly the National Committee for Clinical Laboratory Standards) (NCCLS, 2005) and by a microsuspension assay in 96-well microplates (Mikulášová & Bohovicová, 2000) . The MIC was defined as the lowest concentration of drug that inhibited visible growth after 24 h of incubation at 37 uC.
Frequency of mutation to triclosan resistance and identification of triclosan-resistant mutants. An isolated colony of S. enterica serovar Typhimurium was picked from one well of a plate and inoculated into LB broth. The culture was grown overnight in triclosan-free broth with a viable cell number of around 10 9 cells ml 21 . This culture was divided into 0.1 ml aliquots, fresh LB medium was added and the cultures were allowed to grow for 3 h to obtain parallel, independent cultures. Spontaneous resistant mutants were obtained by plating the whole culture onto LB agar plates (n513) containing a selective concentration of triclosan. The total number of cells was determined by plating appropriate dilutions of three cultures onto non-selective medium. Colonies on both selective and nonselective plates were counted after incubation for 2 days. The frequency of resistant mutants (the resistance index) was expressed as the mean number of resistant cells divided by the total number of viable cells per culture. One colony was chosen randomly from each selection plate and subcultured onto triclosan-free medium. These cultures were examined for decreased triclosan susceptibility. The stability of resistance was examined by serial overnight cultivation in nutrient broth for 20 days, with MIC testing every 48 h. Strains that maintained their MIC values were considered to be resistant mutants.
Selection of triclosan-and antibiotic-resistant strains following one short exposure to triclosan. An overnight culture was grown as described above and divided into 0.1 ml aliquots. Triclosan was added to each culture at final MICs of 0.125, 0.25 or 0.5 and the cultures were incubated for 30 min and plated on medium containing triclosan or antibiotic at 2 MIC. The number of resistant mutants and the total number of cells as well as the mutation frequency were determined as described above.
Selection of triclosan-resistant mutants by a serial passage method. Spontaneous triclosan-resistant mutants were obtained by stepwise selection. In the first step, 0.1 ml of overnight culture of a susceptible strain was plated on LB medium supplemented with triclosan at final MICs of 0.125, 0.25 or 0.5 and incubated at 37 uC. After 24 h of incubation, the cells were transferred onto fresh medium containing the same concentration of triclosan and the plates were incubated for 24 h. This process was repeated five times. After each subculture, the cells were also transferred onto plates with different concentrations of triclosan or antibiotic for the determination of MIC values.
Selection and identification of ciprofloxacin-resistant mutants.
Mutants were selected for higher levels of resistance to ciprofloxacin by stepwise selection from the parental S. enterica serovar Typhimurium strain. A volume of 0.1 ml of overnight culture was plated onto LB medium supplemented with ciprofloxacin (2 MIC). Resistant colonies were collected, one of which was retained for the next step. Further steps with increasing concentrations of ciprofloxacin in LB agar were conducted similarly. Adapted strains grown at the highest concentration of ciprofloxacin were subcultivated onto antibiotic-free medium for 20 days and examined for susceptibility (MIC) and for their Mar phenotype. The expression of OmpF was determined according to the method of Giraud et al. (2000) with slight modifications. Briefly, bacteria were disrupted mechanically with glass beads, unbroken cells were removed by centrifugation and the supernatant was incubated with 1 % Triton X-100 and 2 % lauroyl sarcosine. After ultracentrifugation, SDS-PAGE was performed and proteins were detected by staining with Coomassie brilliant blue. Cyclohexane resistance was determined using the method of Asako et al. (1997) .
RESULTS AND DISCUSSION
Frequency of development of triclosan-resistant mutants and their susceptibility to antibiotics
The possible relationship between the use of triclosan and antibiotic resistance has been the subject of many discussions and scientific investigations (McBain et al., 2004; Russell, 2004) . The mutation frequency resulting in triclosan resistance in the parental strain was 5610
29
, which was lower than the frequency of mutation resulting in ciprofloxacin, tetracycline and chloramphenicol resistance.
In isogenic ciprofloxacin-resistant strains, the mean frequency of mutation to triclosan resistance was in the range of 2610 29 -7610
, and was higher for the Mar strains (C4 and C13) than for the non-Mar strains (C12 and C18).
Mutant strains were isolated following growth at a triclosan concentration of 2 MIC; however, in reality they were able to grow at much higher concentrations of the biocide. The triclosan MIC of mutants T3, T6 and T9 (25 mg ml
21
) was 128 times greater than that of the parental strain (Table 1) . From Table 1 , it is evident that isolated strains with decreased triclosan susceptibility also differed in the extent of their changed antibiotic susceptibility. From the nine randomly selected strains shown in Table 1 , three (T5, T7 and T9) showed decreased susceptibility to triclosan and to all antibiotics tested. This multidrug resistance may be the result of changed efflux in these strains.
However, large differences in triclosan resistance indicate that efflux is not the only mechanism of triclosan resistance. The decrease in triclosan susceptibility in the isolated strain T1 without changes in antibiotic susceptibility could be attributed to a specific mutation such as a mutation in fabI, as described previously (Heath et al., 1999) , although this was not verified in our work.
Effect of short-term exposure of bacterial cells to low concentrations of triclosan on the selection of antibiotic-resistant strains A 30 min treatment of bacterial cells with triclosan at a concentration of 0.5 MIC reduced the number of viable cells by approximately 50 % and increased the number of triclosan-resistant strains fivefold. Lower concentrations of 0.125 and 0.25 MIC had no effect on the selection of triclosan-resistant mutants.
Treatment of the parental strain of S. enterica serovar Typhimurium with triclosan at a subinhibitory concentration for 30 min did not affect the selection of antibioticresistant mutants.
Effect of continuous exposure of ciprofloxacinsensitive and ciprofloxacin-resistant strains to a low concentration of triclosan
After treatment with triclosan, the parental strain of S. enterica serovar Typhimurium showed a progressive decrease in susceptibility to this biocide. After the first passage in the presence of triclosan at 0.5 MIC, the MIC of triclosan had already increased to 6.25 mg ml 21 , and after the fourth passage, it reached and maintained a value of 25 mg ml
21
, which was 128 times the initial value (Fig. 1) . This progress was slightly slower at lower triclosan concentrations. The same triclosan-treated cultures were inoculated onto plates with different concentrations of antibiotics and any changes in susceptibility to the antibiotics were determined. In the case of ciprofloxacin, there was variable development of resistance depending on triclosan concentration. Repeated treatment of cells with triclosan at the lowest concentration did not lead to the selection of ciprofloxacin-resistant strains. During five passages of cells in the presence of triclosan at concentrations of 0.25 MIC and particularly 0.5 MIC, the selection of triclosan-resistant mutants was accompanied by the selection of strains with lowered susceptibility to ciprofloxacin. Thus, even in the presence of triclosan at 0.5 MIC, we found clinically relevant values of antibiotic resistance.
The MIC of tetracycline was considerably increased during passaging with triclosan at 0.25 MIC. We also observed an increase in MIC at the lowest and highest triclosan concentrations used; however, these increases were less considerable and in the final passages we found similar MIC values of tetracycline to the original parental strain. The chloramphenicol MIC increased only approximately twofold during the last passage in the presence of triclosan. Our data showed that the presence of triclosan at subinhibitory concentrations did not lead to an increase in the appearance of antibiotic-resistant strains. However, it helps to retain these antibiotic-resistant cells in the population, which have a common mechanism of resistance to that against triclosan. This was confirmed in experiments with ciprofloxacin-resistant mutants. Ciprofloxacin-resistant strains were obtained, as described in Methods. Strains with the Mar phenotype were detected on the basis of cyclohexane resistance and by decreased production of the porin OmpF (Fig. 2) . The triclosan and antibiotic MICs and Mar phenotypes of these strains are given in Table 2 .
The triclosan MIC for ciprofloxacin-resistant strains with the Mar phenotype was slightly higher and after passaging did not increase as markedly as in the parental strain (Fig.  3) . Exposure to triclosan selects for similar regulatory mutations leading to expression of a multidrug efflux system. Ciprofloxacin-resistant strains showed a different course of changes in ciprofloxacin susceptibility depending on the Mar phenotype. As shown in Fig. 3 , during passaging, the MIC of strains C4 and C13 with the Mar phenotype remained at the same value, and even decreased after the last passage. In strains C12 and C18 without the Mar phenotype, as in the parental strain, the selection of strains with an increased triclosan MIC was associated with the selection of strains with elevated ciprofloxacin MICs. It has been suggested that Mar strains may acquire mutations in gyrA more readily than non-Mar strains (Randall et al., 2004) . Our strains showed very high, clinically relevant levels of resistance to ciprofloxacin and were not able to increase this resistance much more; the ciprofloxacin MIC even decreased in the last passages of the Mar strains. It is known that high levels of ciprofloxacin resistance are caused by regulatory mar mutations and mutations in the genes for gyrase. It is likely that, during passage with triclosan-resistant strains with the Mar phenotype, other mechanisms of triclosan resistance were selected and strains with coincident Mar phenotype and mutations in the gyrase genes were lost.
Our second important result is that triclosan concentration is very important for the selection of mutants with reduced antibiotic susceptibility. As mentioned by Martinez & Baquero (2000) , if a phenotype of increased antibiotic resistance is a result of mutations in different genes, these mutations may provide quite different levels of antibiotic resistance. In the case of triclosan and ciprofloxacin resistance, it is possible that a low concentration of triclosan in the medium allows the survival of cells with mechanisms of triclosan resistance other than Mar and selects for triclosan but not ciprofloxacin mutants. Recently, Webber et al. (2008) showed that triclosan resistance can occur via distinct pathways and that mutagenesis of the fabI gene resulted in low-level triclosan resistance. This agrees with our hypothesis. For the survival of cells at higher concentrations of triclosan, another Mar mutation is needed, and in this case, together with triclosan-resistant mutants, strains with reduced ciprofloxacin susceptibility were also selected.
The course of the selection of tetracycline-resistant strains in the presence of triclosan is also shown in Fig. 3 . Over a period of five passages, all strains reached high MIC values. A sharp decline in chloramphenicol resistance after first passage in strain C4 could be explained by another possible mechanism of chloramphenicol resistance, for example by the production of chloramphenicol acetyltransferase in addition to Mar mutations. During passage, these strains may be eliminated. Mutants with maximally doubled chloramphenicol MIC were selected from the remaining strains.
In conclusion, we have confirmed a lower mutation frequency to triclosan resistance in comparison with that of antibiotics. Strains with reduced susceptibility to triclosan may or may not have reduced susceptibility to antibiotics. The presence of triclosan in the environment does not increase the occurrence of strains with decreased susceptibility to antibiotics, but triclosan selects for strains with increased antibiotic MICs. From strains that originally lack the Mar phenotype, triclosan selects those that, in addition to triclosan resistance, have also acquired antibiotic resistance. If a population has strains with the Mar phenotype, triclosan selects such strains and also enables strains with decreased antibiotic susceptibility caused by this mechanism to be retained in the population.
